Introduction
Adolescence, defined as ages 10-19 by the World Health Organization [1], represents the developmental transition to adulthood during which the brain is in a unique and dynamic state. This stage is marked by increased noveltyseeking and risk-taking behavior as adolescents experiment with adult aspects of life, including the initiation of alcohol use. By twelfth grade, 73% of adolescents have experimented with alcohol, whereas 30% have been drunk within the past month [2] . Further, more than half of 12-17-year-olds who consume alcohol binge drink (>5/4 drinks for males and females, respectively) [2] . Unfortunately, alcohol use during adolescence increases the risk for developing an alcohol use disorder (AUD) [3] . Elucidating the neurobiology of this risk is considered critical to understanding how AUDs develop. To date, two overlapping hypotheses have emerged to explain why adolescence is a critical time for developing an AUD. First, the adolescent brain responds uniquely to alcohol, which may result in fewer physiological cues to self-regulate intake [4] . Second, the adolescent brain exhibits an enhanced sensitivity to many alcohol effects, especially neurodegenerative effects of alcohol that dysregulate behavioral control systems and lead to addiction [5] [6] [7] . This review highlights current discoveries that support these neurobiological theories of how AUDs develop in adolescents.
Adolescents' unique response to alcohol promotes excessive intake
Adolescents respond to the effects of alcohol distinctly from adults [4] . Adolescents are less sensitive to the negative effects of alcohol, including cues that influence self-regulation of intake, but are more sensitive to positive effects, which may serve to reinforce or promote excessive intake [4] . The distinct response of adolescents Purpose of review Alcohol consumption during adolescence greatly increases the likelihood that an alcohol use disorder will develop later in life. Elucidating how alcohol impacts the adolescent brain is paramount to understanding how alcohol use disorders arise. This review focuses on recent work addressing alcohol's unique effect on the adolescent brain.
Recent findings
The unique and dynamic state of the developing adolescent brain is discussed with an emphasis on the developmentally distinct effect of alcohol on the dopaminergic reward system and corticolimbic structure and function. Reward neurocircuitry undergoes significant developmental shifts during adolescence, making it particularly sensitive to alcohol in ways that could promote excessive consumption. In addition, developing corticolimbic systems, including the prefrontal cortex and hippocampus, exhibit enhanced vulnerability to alcohol-induced damage. Disruption of white matter integrity, neurotoxicity and inhibition of adult neurogenesis may underlie alcohol-mediated cognitive dysfunction and lead to decreased behavioral control over consumption.
Summary
In adolescents, alcohol interacts extensively with reward neurocircuitry and corticolimbic structure and function in ways that promote maladaptive behaviors that lead to addiction. Future work is needed to further understand the mechanisms involved in these interactions. Therapeutic strategies that restore proper reward neurochemistry or reverse alcohol-induced neurodegeneration could prove useful in preventing emergence of alcohol use disorders.
has both pharmacodynamic and pharmacokinetic components such that age-related differences in alcohol (ethanol) absorption and metabolism must be considered when examining these differences [8] . Specifically, it takes a larger dose of alcohol for an adolescent to achieve similar blood alcohol concentrations to an adult [7] . However, well controlled animal studies have shown that, despite similar blood alcohol concentrations, adolescents demonstrate enhanced sensitivities or vulnerabilities to many aspects of alcohol use and abuse [9, 10 ] . The following sections highlight recent work that examines how the adolescent's unique response to alcohol may promote the development of an AUD.
Decreased response to adverse effects
Adolescents have consistently been found to be less sensitive to many of the negative effects of alcohol [4] . For example, adolescents have decreased sensitivity to the intoxicating effects of alcohol, such as alcoholinduced sedation and motor impairment [11] . Furthermore, adolescents display reduced sensitivity to aspects of 'hangover', specifically alcohol withdrawal-induced social depression and anxiety [12, 13] . Although some groups have found a reduced severity in alcoholwithdrawal symptoms such as seizures [14, 15] , the reduced severity may be due to developmental differences in ethanol pharmacokinetics [8] . When blood alcohol concentrations are similar, withdrawal severity [16] and withdrawal-induced anxiety [17] are identical between adult and adolescent rats. However, developmental differences in alcohol's pharmacodynamic effects on GABAergic neurotransmission should also be considered. Adolescent sensitivity to alcohol sedation and/or withdrawal relies upon GABAergic neurotransmission; but, adolescent GABA A receptors are less sensitive to ethanol-induced potentiation of GABA A -mediated inhibitory currents [18] . As adverse effects of alcohol may serve as cues to halt intake or prevent future excessive intake, the adolescent's reduced sensitivity to these effects, whether pharmacodynamic or pharmacokinetic, could facilitate excessive alcohol consumption and thus increase the risk for developing an AUD [4] .
Increased response to positive effects
Although adolescents respond less to alcohol's aversive effects, they are more sensitive to many positive and rewarding effects of alcohol. For instance, alcohol mediates appetitive second-order conditioning in adolescent but not adult rats, suggesting greater reinforcing properties of alcohol [19 ] . Adolescents, but not adults, will selfadminister enough alcohol to induce tachycardia, an effect linked to alcohol's hedonic value [20, 21 ] . Thus, the rewarding effects of alcohol may be greater in adolescents than in adults, which may promote future alcohol-seeking behavior [19 ,20,21 ] . This idea is supported by studies in which alcohol exposure during adolescence enhanced novelty seeking and influenced conditioned place preference in adulthood, both of which are predictors of alcohol-seeking behavior [22, 23 ] . Adolescents are also more sensitive to the social facilitation effects of alcohol, an important factor in adolescent human expectancies about alcohol and adolescent drinking behavior [24] . A mere passive social interaction with an intoxicated rat increases alcohol self-administration [25 ] , which supports that the enhanced positive effects of alcohol in adolescence can drive alcohol consumption in adulthood [22, 23 ] . The underlying neurobiology responsible for the adolescent's enhanced sensitivities likely involves the mesocorticolimbic reward system, recent studies on which are discussed below.
During adolescence, the enhanced drive to explore, take risks, and experiment with novel aspects of life are thought to be due to a 'disparate developmental trajectory' between the mesocorticolimbic reward and frontal cortical executive control systems [26, 27 ] . The refinement of these systems during adolescence is extensive. In the prefrontal cortex (PFC), significant glutamatergic pruning decreases cortical volume, whereas cholinergic and dopaminergic innervation increase to adult levels [4,27 ,28] . In addition, a sharp peak in dopamine levels within the nucleus accumbens occurs in late adolescence before falling to adult levels [23 ,27 ,29].
The unique developmental state of these systems parallels the unique response of the adolescent brain to alcohol. Acute alcohol exposure causes a robust increase in dopamine release within the nucleus accumbens [30 ] , an effect that is most pronounced during adolescence [27 ,31 ] . This enhancement in dopamine release is consistent with the greater rewarding effects of alcohol in adolescents [19 ,20,21 ] . Alternatively, previous alcohol exposure significantly alters the dopamine response to an acute dose of alcohol [27 ] . In adolescents, alcohol exposure may interfere with development of the mesolimbic reward system, resulting in increased basal accumbal dopamine release and decreased dopamine D2 receptor expression [27 ,29,31 ] . Importantly, these changes are accompanied by a decrease in alcohol-evoked dopamine release upon subsequent alcohol exposure [27 ] . Decreased dopamine release and D2 receptor expression may create a hypodopaminergic state that reduces alcohol's rewarding effect. This state is reminiscent of the reward deficiency syndrome that arises when the reward system under-responds to natural or drug rewards and is hypothesized to increase reward-seeking behaviors, such as risk taking and novelty seeking [32] . This idea is supported by observations that alcohol-induced changes to the dopaminergic system correlate with increased alcohol-seeking behavior and voluntary consumption by adult rats that were exposed to alcohol at adolescence [23 ,31 ] . In these models, adults appear less sensitive to alcohol's effects on dopamine release and D2 receptor expression [27 ,31 ] , indicating that the unique developmental state of the adolescent mesocorticolimbic reward system makes it particularly vulnerable to alcohol and risk for addiction.
Recent findings in adolescent models emphasize that the contributions of other neurotransmitters to reward systems should not be overlooked. Glutamatergic, cholinergic, and opioidergic pathways each play important roles in regulating the dopaminergic reward system [30 ,33] . In rodents, repeated ethanol exposure reduces hippocampal glutamate dehydrogenase 1 and phosphorylation of the NR2B subunit of glutamatergic N-methyl-D-aspartate receptors in the frontal cortex, hippocampus, and nucleus accumbens of adolescent, but not adult, rats [31 ,34 ] . These changes within reward neurocircuitry support the idea that alcohol-mediated changes in glutamatergic neurotransmission during adolescence may contribute to the development of an AUD [35] . Further, blockade of m-opioid receptors inhibits alcohol-mediated social facilitation in adolescent rats, which links the endogenous opioid system to the rewarding effects of alcohol in this age group [36 ] . Alcohol also enhances midbrain choline acetyltransferase activity in adolescent mice, suggesting that alcohol increases midbrain cholinergic innervation [37 ] . This could have important consequences for reward since ventral tegmental acetylcholine is required for alcohol-induced dopamine release into the nucleus accumbens [30 ] . Potential interactions between these neurotransmitter systems warrant further study as they could hold important clues regarding the enhanced sensitivity of the adolescent reward response to alcohol.
Enhanced susceptibility to alcohol-induced neurodegeneration leads to addiction
Whereas adolescents appear less sensitive to effects that limit consumption, they exhibit increased sensitivity to the amnestic effects of alcohol intoxication [6] and are more vulnerable to alcohol-induced neurodegeneration [7, 38] . Adult alcoholics have a variety of cognitive impairments that are thought to reflect defects in central nervous system integrity, including hallmark reductions in brain volume (neurodegeneration) from both corticolimbic gray matter degeneration and altered white matter integrity [39] . Alcohol-induced neurodegeneration occurs in regions that control behaviors that may lead to addiction such that repeated exposure to the high blood alcohol levels characteristic of binge drinking is thought to be one of the critical steps in the downward spiral towards an AUD [38, 39] . Unfortunately, these regions of the adolescent brain are more susceptible to the degenerative effects of excessive alcohol intake. For example, adolescents meeting diagnostic criteria for an AUD exhibit cognitive deficits that correspond to hippocampal and PFC volume reduction despite only a few years of excessive drinking [40] [41] [42] [43] [44] 45 ] . The consistent studies of degeneration in adolescent hippocampus are intriguing as adults with AUDs do not reliably show hippocampal degeneration [46] . Given the role of the PFC and hippocampus in behavioral inhibition systems, alcohol-induced damage to these regions could increase impulsive behavior, lead to poor decision-making and, therefore, promote further excessive alcohol consumption [47 ] .
Adolescent susceptibility to degeneration may be due to multiple mechanistic factors that impair integrity or decrease volume. First, the adolescent brain is still developing, such that alcohol may have teratogenic effects that appear as degeneration in regions such as the PFC, mesolimbic system and hippocampus [7, 38, 48] . Second, alcohol is neurotoxic in many of these regions and past structural work has shown that some regions of the adolescent brain have greater sensitivity to alcohol neurotoxicity [7, 9, 49] .
White matter integrity
Diffusion tensor imaging studies have shown that adolescent binge drinking damages white matter tracts throughout the brain, including the principal fiber tracts leaving the hippocampus and those interconnecting the PFC [50 ,51 ] . Damage severity correlated positively with withdrawal severity and estimated blood alcohol concentrations [50 ] , which underscore the risk associated with binge drinking, the most common drinking pattern in adolescents [2]. Consistent with white matter damage, functional studies measuring event-related potentials revealed delayed responses to auditory stimuli in binge drinking college freshman, effects which are hypothesized to reflect impaired stimulus perception and decision-making processes [52 ] . The extent of this effect is alarming given that the delays resembled those recorded from alcohol-dependent adults, even though individuals had not yet progressed to an AUD criterion [52 ] .
Recent functional studies suggest that excessive alcohol intake during adolescence has far greater consequences than previously considered [53] . Functional magnetic resonance imaging studies that assess neural activity by measuring blood oxygen level-dependent (BOLD) signals have revealed abnormalities in the brain's response despite normal performance on some tasks [53, 54] . Even more disturbing are recent findings that binge-drinking adolescents who do not meet criteria for AUDs show slight but detectable cognitive impairments when compared with their nondrinking or social-drinking peers [55 ] . For example, binge-drinking adolescents performed only marginally poorer on a simple verbal learning test than age-matched controls but showed increased neural activation in frontal, parietal and cingulate cortices Adolescence and alcohol use disorders Nixon and McClain 229 during this task [55 ] . The consistent finding that BOLD responses are increased in adolescents with alcohol problems during different working memory-type tasks have led the authors to hypothesize that the frontal lobe memory systems may compensate for deficiencies in medial temporal lobe function [54, 55 ] . This suggestion is consistent with several studies that have shown degeneration in temporal lobe structures in adolescents with AUDs [42] [43] [44] .
Gray matter degeneration
Animal models have been necessary to understand the mechanism of alcohol's effects on the integrity of these systems and provide more direct links between alcohol intake, behavioral impairments and neurodegeneration [7] . Although it is well established that alcohol has an enhanced amnestic effect on learning and memory performance in adolescent rats [6, 56] , only recently has it been shown that excessive alcohol exposure results in greater or more persistent effects on learning and memory in the adolescent [57, 58] . Although the neurobiology of these hippocampus-dependent impairments is not clear, they correlate to hippocampal degeneration in human adolescent AUDs [44] . However, adolescent susceptibility to alcohol-induced cell death was reported only in frontal-anterior cortical regions [9] . Even though hippocampal degeneration is consistently reported in human adolescent AUDs, observations of hippocampal cell death in animal models are limited [10 ] . This discrepancy has led to the exploration of additional mechanisms of degeneration.
Alcohol effects on neural stem cells
It is well accepted that neural stem cells produce new neurons in the dentate gyrus of the hippocampus throughout life as an integral process to hippocampal structure and function [59] . Recent work suggests that alcohol effects on neural stem cells may underlie the susceptibility of the adolescent hippocampus to alcoholinduced degeneration [10 ,38] . Acutely, alcohol inhibits adult neurogenesis by reducing neural stem cell proliferation [38] . However, in models of an AUD, alcohol both impairs neural stem cell proliferation and reduces survival of newborn neurons [10 ] . By our estimates, alcohol inhibition of adult neurogenesis eliminates thousands of hippocampal neurons, whereas cell death eliminates only a few hundred. This loss is due to the developmental state of the adolescent brain when the number of new neurons produced is many-fold higher than in adults [60] . Thus, because of the higher rate of neurogenesis in adolescents, a greater number of cells are 'lost' (never born or survive) due to alcohol as opposed to adults [10 ,38] . The enhanced vulnerability of the adolescent brain to alcohol-induced effects on a form of plasticity is consistent with recent observations that adolescent rats demonstrate more persistent alcohol effects for many plasticity-related and cytoskeletal proteins [34 ,49] . Considering that hippocampal neurodegeneration is more consistently observed in adolescents with AUDs than in adults, alcohol inhibition of adult neurogenesis -or degeneration through lack of cell generation -may explain the vulnerability of the adolescent hippocampus to alcohol-induced neurodegeneration [38] .
Conclusion
In summary, recent studies continue to show that corticolimbic systems,such asthePFC, mesolimbic reward system and hippocampus, are undergoing significant developmental transitions during adolescence that make them primary targets for alcohol-induced structural and functional changes [5, 7, 26, 38] . The adolescent's decreased response to the negative aspects of alcohol consumption (motor impairment, sedation, anxiety, and social depression) coupled with increased or altered response to the positive and rewarding effects of alcohol may promote excessive intake. Repeated exposure to excessive intake and the adolescent's enhanced susceptibility to alcohol-induced damage -whether through toxicity, teratogenicity, or other effects on plasticity -further dysregulates behavioral control of consumption. Thus, the adolescent's unique response to alcohol combined with increased susceptibility to alcohol-induced neurodegeneration interact to facilitate excessive alcohol consumption, the hallmark of an AUD. However, the mechanisms behind the adolescent's unique response to and consequences of alcohol use/abuse are not well understood. Additional research is desperately needed to understand the responses and consequences of alcohol exposure on the dynamic and developing adolescent brain. Because AUDs commonly begin in adolescence and AUDs affect over 8% of the US population [61] , research is critical to public health in order to better prevent and reduce the prevalence of AUDs. 
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